Abstract: Reversible electronic transduction of photonic processes occurring on electrodes is the conceptual method to develop molecular and biomolecular optoelectronic systems. Cyclic photochemical activation of molecular or biomolecular monolayer redox-functions provides a general methodology for the amperometric transduction of photonic information that is recorded by the chemical assembly. Alternatively, photoisomerizable monolayers associated with electrodes act as "command interfaces" for controlling the interfacial electron transfer between molecular redox-species or redox-proteins. The systems use a photonic input for the generation of an electronic output and act as information processing assemblies. Programmed arrays of photosensitizer/electron acceptor cross-linked Au-nanoparticle arrays are assembled on indium tin oxide (ITO) for photoelectrochemical applications. [15], and nanoparticle arrays [16] on electronic transducers, and addresses the possible applications of these systems as "smart interfaces" for information storage and processing, sensing and the control of the electron-transfer properties at electrodes. Scheme 1A shows a general scheme for the amperometric transduction of photonic information recorded by a photoisomerizable monolayer-interface associated with the electrode. State A of the monolayer is redox-inactive and does not electronically communicate with the electrode. Photoisomerization of the interface to state B results in a redox-active species, and the recorded optical signal is amperometrically transduced. Irradiation of the redox-active monolayer at another wavelength regenerates the redox-inactive monolayer, and the primary photonic information recorded by the system is erased. Thus, the system describes a "Write-Read-Erase" system. Figure 1A shows the assembly of a photoisomerizable phenoxynaphthacene quinone monolayer-electrode that acts as a photochemical switch according to Scheme 1A [17]. The carboxymethyl phenoxy naphthacene quinone (1) was cova-*Lecture presented at the
The miniaturization of devices to molecular or nanoscale dimensions represents a challenging research topic in modern science [1, 2] . Photonic activation of electronic functions in nanostructured assemblies may have important implications in designing molecular-based logic gates [3] , information storage and processing devices [4] , and in the tailoring of new sensors [5] , optical switches [6] , and solar cells [7] .
Several basic features should characterize photoactivated molecular arrays that act as electronic devices: (i) Photoactive molecular or nanoparticle architectures must be integrated with electronic transducers such as electrodes, piezoelectric crystals or field-effect-transistors; (ii) The photonic signal should trigger a chemical or physical function in the nanostructured array. This may include the photonic activation of a binding process [8] , molecular translocation [9] , redox-functions [10], electron transfer [11] , wettability [12] , or sol-gel transitions [13] ; (iii) The photonic activation of the device functions should be reversible. (iv) The photonically triggered chemical functions in the organized molecular or nanoparticle architectures should be electronically transduced in the form of current, voltage, or other electronic outputs. The present account describes novel methods to organize photoactive molecular [14] , biomolecular [15] , and nanoparticle arrays [16] on electronic transducers, and addresses the possible applications of these systems as "smart interfaces" for information storage and processing, sensing and the control of the electron-transfer properties at electrodes. Scheme 1A shows a general scheme for the amperometric transduction of photonic information recorded by a photoisomerizable monolayer-interface associated with the electrode. State A of the monolayer is redox-inactive and does not electronically communicate with the electrode. Photoisomerization of the interface to state B results in a redox-active species, and the recorded optical signal is amperometrically transduced. Irradiation of the redox-active monolayer at another wavelength regenerates the redox-inactive monolayer, and the primary photonic information recorded by the system is erased. Thus, the system describes a "Write-Read-Erase" system. Figure 1A shows the assembly of a photoisomerizable phenoxynaphthacene quinone monolayer-electrode that acts as a photochemical switch according to Scheme 1A [17] . The carboxymethyl phenoxy naphthacene quinone (1) was cova-*Lecture presented at the XVIII th IUPAC Symposium on Photochemistry, Dresden, Germany, 22-27 July 2000. Other presentations are published in this issue, pp. 395-548. † Corresponding author lently linked to a cystamine monolayer associated with an Au-electrode. The resulting trans-quinone monolayer was structurally rigidified with tetradecanethiol (C 14 H 29 SH) to yield a densely packed photoisomerizable interface. Figure 1B shows the photoswitchable amperometric transduction of photonic signals recorded by the monolayer. In the trans-quinone state, a quasi-reversible redox wave of the quinone units is observed, curve a. Photoisomerization of the monolayer with UV light to "ana" quinone state results in a redox-inactive interface that does not lead to any amperometric response. Visible-light isomerization of the "ana" quinone state to the trans-quinone regenerates the redox-active interface, and thus by illumination of the assembly at two distinct wavelength regions, cyclic amperometric transduction of the recorded photonic signals is accomplished, Fig. 1B , inset.
A different approach for the amperometric transduction of recorded photonic signals is schematically shown in Scheme 1B. A photoisomerizable layer associated with the electrode acts as "command interface" for controlling the interfacial electron transfer at the conductive support. In state A of the layer, the electrical communication between the redox-label in solution and the electrode is blocked. Photoisomerization of the layer to state B results in a binding domain for the redox-label. The association of the redox-probe to the photogenerated binding site permits the electrical transduction of the photoisomerization event that occurred on the surface. Thus, the cyclic photoisomerization of the monolayer yields a "command interface" that controls the electrical communication between the redox-probe and the electrode. An assembly that operates according to this concept is depicted in Fig. 2A (3), is blocked in the presence of the neutral nitrospiropyran monolayer, while the electrostatic attraction of (3) to the protonated nitromerocyanine interface facilitates the electrooxidation of DHPAA, (3) . By the cyclic photoisomerization of the monolayer between the states (2a) and (2b) a "command interface" that reversibly switches the electrochemical oxidation of (3) between "OFF" and "ON" states, respectively, is generated, Fig. 2B , inset. The photochemical redox-activation of biomaterials associated with electrodes may further provide means to generate smart interfaces for the electronic transduction of optical information. The evolutionary optimized biocatalytic functions of enzymes or redox-proteins could allow the amplification of the recorded photonic signals through the respective bioelectrocatalytic transformations. The architecture of a light-triggered redox-activated enzyme electrode is described in Scheme 2. The photoswitchable glucose oxidase, GOx, biocatalyst was prepared by the reconstitution method outlined in Scheme 2A. The native FAD-cofactor was extracted from the enzyme, and a semisynthetic photoisomerizable flavin-adenine dinucleotide consisting of nitrospiropyran covalently linked to an amino-FAD, (4a), was implanted into the apo-GOx [18] . The resulting photoisomerizable biocatalyst was then assembled as a monolayer on an Au-electrode by the method shown in Scheme 2B. In the presence of ferrocene carboxylic acid, (5), as a diffusional electron mediator, the photoswitchable activation of the GOx-functionalized electrode is accomplished, Fig. 3 . The nitrospiropyran photoisomer state is redoxinactive towards the oxidation of glucose, Fig. 3 , curve a, while photoisomerization of the enzyme interface to the protonated nitromerocyanine-FAD state, (4b), activates the bioelectrocatalyzed oxidation of glucose, as evidenced by the electrocatalytic anodic current, Fig. 3 , curve b. By the cyclic photoisomerization of the enzyme, the bioelectrocatalyzed oxidation of glucose is reversibly switched between "ON" and "OFF" states, respectively. Mechanistic studies indicate that the neutral nitrospiropyran photoisomer state blocks the penetration of (5) into the protein, thus perturbing the electrical contacting of the FAD-redox-center with the electrode. Photoisomerization of the enzyme layer to the protonated dinitromerocyanine configuration opens an intraprotein channel for the mediated electron transfer and the activation of the enzyme for the bioelectrocatalyzed oxidation of glucose. The biocatalyzed oxidation of glucose provides an amplification path for the amperometric transduction of the molecular photoisomerization event.
The amperometric transduction of recorded photonic information by the integration of biomaterials with a photo-command interface [19] , is shown in Fig. 4A . A mixed monolayer consisting of mercaptopyridine and nitrospiropyran photoisomerizable units (ratio 1:10) is assembled on an Au-electrode. The pyridine units act as binding sites for the association of the hemoprotein cytochrome c, Cyt. c, on the conducting support. The binding of Cyt. c to the pyridine sites results in the alignment of the hemoprotein and its electrical contacting with the electrode. Photoisomerization of the monolayer to the protonated nitromerocyanine configuration results in the electrostatic repulsion of the positively charged Cyt. c and its dissociation from the electrode support. Dissociation of the pyridine-Cyt. c complex blocks the electrical communication between the hemoprotein and the electrode. Figure 4B shows the cyclic amperometric transduction of the photonic signals that cause the isomerization of the monolayer, and the reversible binding and dissociation of Cyt. c to and from the photoisomerizable interface, respectively.
Tailoring of nanostructured photoelectrochemical systems is another challenging facet of molecular optoelectronics. We describe here the construction of layered arrays consisting of nanoparticles cross-linked by molecular functionalities and discuss the chemical, physical, and electronic functions of these assemblies. Specifically, we address cooperative effects in the photoactive molecular-cross- linked nanoparticle arrays that lead to unique photoelectrochemical and sensoric functions. In a series of studies we demonstrated the construction of layered Au-nanoparticle arrays by cross-linking of negatively charged citrate-capped Au-nanoparticles with oligocationic molecular cross-linkers [20, 21] . By the stepwise deposition of cross-linked Au-nanoparticles on conductive surface, arrays of controlled thickness, exhibiting three-dimensional conductivity, were generated. This method was applied for the assembly of nanostructured electrodes for photoelectrochemical applications, Scheme 3 [22, 23] . An aminosiloxane-functionalized ITO-electrode acts as the base surface for the assembly of the first layer of Au-nanoparticles. By the stepwise association of the positively charged photosensitizer-electron acceptor dyads, e.g., the Zn(II)-protoporphyrin IX-bis-bipyridinium, (6), or the Ru(II)-tris-bipyridinebis-phenylene (paraquat)-catenane, (7), and then the binding of Au-nanoparticles, an array with a controlled number of cross-linked nanoparticles is generated.
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Scheme 3
Assembly of layered photosensitizer-electron-acceptor-cross-linked Au-nanoparticle arrays on an electrode for photoelectrochemical applications. Figure 5 shows the methods that were employed to characterize the array of (6)-cross-linked Au-nanoparticles and the photocurrent generated by the nanostructured electrode. Figure 5A shows the absorbance spectra observed upon the build-up of the array. The increase of the characteristic plasmon absorbance of Au-nanoparticles, λ = 520 nm, with the concomitant increase of an interparticle coupled plasmon absorbance at λ = 620 nm for higher degrees of aggregation is observed. Figure 5B shows the voltammetric waves corresponding to the bipyridinium cross-linking units, upon the construction of the Au-nanoparticle layers. An almost linear increase in the electrochemical response is detected, implying that the 3D-array is conductive. Figure 5C shows the redox response of the Au-nanoparticles in 1 M H 2 SO 4 upon the construction of the layers. The gradual increase in the Au-nanoparticle response confirms the construction of the aggregated array. By coulometric assay of the electrical response of the bipyridinium units and of the Au-nanoparticle waves, and knowing the size of the Au-particle, we estimate that ca. 260-chromophore-electron-acceptor units are associated with each Au-nanoparticle. Figure 5D shows the photocurrent action spectra of the array as a function of the number of Au-nanoparticle layers. The photocurrent spectra match the absorption spectrum of the Zn(II)-porphyrin chromophore. The photocurrent is blocked upon biasing the electrode potentials at values that are more negative than the redox-potential of the bipyridinium units. This implies that the photocurrent originates from the intramolecular electron transfer quenching of the chromophore by the bipyridinium units, followed by the tunneling of the electrons to the electrode by the conductive array of Au-nanoparticles.
The molecular cross-linking of nanoparticle arrays on electrode supports was further employed to generate DNA-cross-linked CdS-nanoparticles for photoelectrochemical applications, Scheme 4 [24] . The system provides a novel optobioelectronic assembly for the optical and photoelectrochemical detection of DNA. An oligonucleotide primer, (8), that is partially complementary to the analyte DNA, (9), is assembled on glass or conductive ITO supports. Upon interaction of the (8)-functionalized surfaces with the analyte DNA, (9), and then with CdS-nanoparticles functionalized with the oligonucleotide (10), being complementary to the other part of the analyte DNA, the first layer of CdS-nanoparticles is generated on the surface. By the subsequent treatment of the CdS-nanoparticle layer with the analyte (9) and CdS-nanoparticles, functionalized alternatively by (8) or (10), a cross-linked array of CdS-nanoparticles of controlled aggregation is generated. The action spectra of the photocurrents developed in the systems follow the absorption spectrum of the CdS-nanoparticles. The photocurrents are enhanced as the number of layers of the CdS-nanoparticles increases. In conclusion, we demonstrate novel methods for the assembly of photoactive molecular, biomolecular, and nanoparticle architectures on surfaces for optoelectronic applications. Cyclic photonic activation of redox functions of molecular and biomolecular assemblies on electrodes, resulting in the electronic transduction of the recorded optical signals, was employed as a concept to develop optoelectronic information storage and processing devices. The light-induced generation of photocurrents in cross-linked nanoparticle arrays demonstrates novel nanostructures for photoelectrochemical applications, and specifically highlights the integration of DNA and CdS-nanoparticles as new DNA-sensing assemblies.
